ABSTRACT: We demonstrate a novel optomechanical synchronization method to achieve ultrahigh-contrast time-gated fluorescence imaging using live zebrafish as models. Silicon quantum dot nanoparticles (SiQDNPs) with photoluminescence lifetime of about 16 μs were used as the long-lived probes to enable background autofluorescence removal and multiplexing through timegating. A continuous-wave 405 nm laser as the excitation source was focused on a rotating optical chopper on which the emission light beam obtained from an inverted fluorescence microscope was also focused but with a phase difference such that in a short delay after the excitation laser is blocked, the emission light beam passes through the optical chopper, initiating the image acquisition by a conventional sensor. Both excitation and detection time windows were synchronized by one optical chopper, eliminating the need for pulsed light source and image intensifier which is often used as ultrafast optical shutter. Through use of the cost-effective time-gating method, nearly all background autofluorescence emitted from the yolk sac of a zebrafish embryo microinjected with the SiQDNPs was removed, leading to a 45-fold increase in signal-to-background ratio. Furthermore, two kinds of fluorescence signals emitted from the microinjected SiQDNPs and the intrinsic green fluorescent protein of transgenic zebrafish larvae can be clearly separated through time-gating. F luorescence imaging is an indispensable tool in biomedical research. It helps visualize fluorescence signals emitted from various endogenous or exogenous fluorophores in biological samples at macro-to nanoscale.
F luorescence imaging is an indispensable tool in biomedical research. It helps visualize fluorescence signals emitted from various endogenous or exogenous fluorophores in biological samples at macro-to nanoscale. 1−4 When exogenous probes such as organic dyes and semiconductor quantum dots are used for immunofluorescence imaging, endogenous autofluorescence as background noise interferes with the actual fluorescent signals, decreasing the contrast and thus the accuracy of diagnosis. One straightforward method to avoid such background interference is to move the desired luminescence spectrum into the near-infrared (NIR) window, typically ranging from 650 to 900 nm, where the autofluorescence is minimal. 5 However, NIR-fluorescing organic dyes such as indocyanine green (ICG) are often susceptible to photobleaching, 6 causing stability issues particularly for long-term or time-lapse investigations. Another method to suppress background autofluorescence is so-called time-gated imaging, in which following each excitation pulse, the signal acquisition does not start immediately, but rather shortly delays until the shortlived autofluorescence (lifetime <10 ns) fully diminishes. As a result, only the long-lived luminescence originating from the exogenous probes is collected for imaging.
In this work, we use highly fluorescent silicon quantum dot nanoparticles (SiQDNPs) as long-lived probes for time-gated fluorescence imaging. Compared to other long-lived probes composed of either rare earth or transition metals such as europium, ruthenium, and lanthanide complexes, 7−9 siliconbased nanomaterials are generally more biocompatible. 10, 11 The SiQDNPs were synthesized by a novel top-down method developed previously ( Figure S1 ). 10 The SiQDNPs have majority overall particle sizes ranging from 100 to 200 nm ( Figure S2A ) and are characterized by their irregular shapes and mesoporous surfaces ( Figure S2B ), to which clusters of crystalline silicon quantum dots of sizes about 5 nm are attached ( Figure S2C ). Here, all the SiQDNPs are functionalized with sulfonate ( Figure S3 ), which provides excellent water solubility for consistent microinjection to the zebrafish embryos or larvae. The SiQDNP suspension in water shows broad excitation range from 300 to 500 nm and strong absorption in the ultraviolet range ( Figure S2D ). Under 365 nm excitation, the SiQDNP suspension emits intense red photoluminescence (PL) with a peak wavelength located at 626 nm ( Figure S2D ), and the PL quantum yield was measured to be 5.3% ( Figure S4 ). Furthermore, the PL of the SiQDNP suspension has a long lifetime of about 16 μs ( Figures S2E and S5 ) as a result of radiative recombination of photoexcited charge carriers through the oxide-related surface defects associated with the Si−O−Si bonds, 12, 13 which normally show strong infrared absorption from 950 to 1300 cm −1 ( Figure S3 ). The in vitro cell viability assay reveals that the sulfonate-terminated SiQDNPs have inhibitory particle concentration corresponding to 50% cell viability (IC 50 ) more than 640 μg/mL ( Figure S6 ), which is much higher than the IC 50 of other cadmium-based quantum dots (about 10 to 20 μg/mL), 11 confirming the biocompatibility of the SiQDNPs.
In general, a conventional fluorescence imaging system can be converted to a time-gated one by integration with a pulsed light source and an image intensifier for photon multiplication and as an ultrafast shutter. As a representative example, a standard epifluorescence microscope, after being incorporated with an intensified charge-coupled device (ICCD) and a xenon flash lamp, was able to perform time-gated cellular imaging with nearly all background luminescence removed. 9 Although showing high performance, such system requires the use of highly expensive ICCD, which generally costs significantly more than a common CCD and needs complex electronic synchronization control. 14, 15 In other implementations, although no necessity of ICCD, a pulsed excitation source along with sophisticated timing control is still essential. 16−19 It is worth mentioning that the fluorescence lifetime imaging method (FLIM) can also remove background autofluorescence effectively and at the same time allows for time-domain multiplexing.
20, 21 However, to obtain the time-resolved fluorescence decay of each pixel, a standard FLIM setup must be equipped with manifold functionalities such as X−Y scanning, time-correlated single photon counting (TCSPC), and single photon detection. Therefore, the system is inevitably complicated and costly, and the image acquisition process is relatively time-consuming.
In this work, we present a simple, cost-effective, and high performance time-gated fluorescence imaging system based on a novel optomechanical synchronization method for which only a nonintensified imaging sensor and a continuous-wave (CW) laser for excitation are used, as illustrated in Figure 1 . The excitation light beam produced from a 405 nm CW laser diode first passes through a focusing lens and then a pinhole to yield a focus (spot size about 0.8 mm) on a rotating optical chopper. During the excitation time window, the excitation light beam further travels through the optical chopper and enters into an inverted fluorescence microscope after reflection by a beam splitter. The excitation light power measured at the back entry port of the microscope is about 50 mW. The fluorescence microscope is equipped with a bandpass excitation filter (395− 415 nm), a long-pass dichroic mirror (>460 nm), and a longpass emission filter (>475 nm) which, in combination, are suited for the 405 nm excitation and allow the entire fluorescence spectrum of the SiQDNPs to be collected for imaging. During the detection time window, the emission light beam emitted from the side exit port of the microscope is first focused on the optical chopper (spot size about 1 mm) by one focusing lens, then collimated by the other, and lastly enters into a nonintensified complementary metal−oxide−semiconductor (CMOS) imaging sensor after passing through another beam splitter. The above excitation−detection cycle continues to repeat as long as the chopper keeps on rotating. Meanwhile, the CMOS imaging sensor integrates the fluorescence signals obtained in each cycle over a certain time period until a good signal-to-background ratio is achieved. The working principle of the optomechanical time-gating method using single optical chopper is further explained in detail in Figure S7 . With a finite focus size, the process of a light beam being blocked by or passing through the chopper occurs in a gradual manner rather than instantaneously. Given that the two foci were of size about 1 mm and the optical chopper (10-slot blade, duty cycle 40% and diameter 101.6 mm) rotated at a speed of 5100 rpm, the resulting excitation and detection time windows were measured using the two photodiodes in Figure 1 , and a 20 μs delay, which is sufficient for all short-lived luminescence to fully decay, was determined experimentally ( Figure S8 ). Because the SiQDNP fluorescence intensity drops about 75% after the 20 μs delay, a relatively long (about 500 to 3500 ms) exposure time of the CMOS imager was used for the time-gated fluorescence image acquisition.
To demonstrate the time-gating capability of the optomechanical time-gated fluorescence imaging system, fluorescein isothiocyanate (FITC) and SiQDNPs were put side by side for imaging ( Figure 2) . A droplet of concentrated sulfonateterminated SiQDNP suspension in water was placed in adjacent to a mixture of FITC and epoxy resin. Because the resin is hydrophobic and resistant to water, a clear boundary line which separates the FITC area from the SiQDNP area is formed. Under the non-time-gated mode (Figure 2A and 2B ), the FITC area shows an average fluorescence intensity 5 times higher than that of the SiQDNP area, which can be converted to a signal-tobackground ratio = 0.2, assuming that the SiQDNP fluorescence is considered as the signal and the FITC fluorescence as the background. As a comparison, taking an image at the same location but under the time-gated mode ( Figure 2C and 2D) , the signal-to-background ratio increases to 6.86, which is equivalent to about 34-fold improvement. Particularly, if only the green marked area on the FITC side and the red marked area on the SiQDNP side are considered, the signal-to-background ratio increases from 0.34 in the non-time-gated mode to 117.68 in the time-gated mode, leading to about 346-fold improvement. In addition, the fine surface features on the SiQDNP side which are initially overshadowed by the exceedingly large FITC fluorescence under the non-time-gated mode become clearly visible after switching to the time-gated mode. Zebrafish embryos have been widely used as animal models to study vertebrate embryology, mainly because of their optical transparency, which enables direct investigation of internal development of the living embryos from outside. However, the embryos, particularly at the yolk sac parts, usually carry strong autofluorescence, which is hard to remove by using optical filters due to its wide spectral distribution ( Figure S9 ). 22 Here, we demonstrate nearly complete removal of autofluorescence by using the optomechanical time-gated fluorescence imaging system and the sulfonate-terminated SiQDNPs as long-lived fluorescent probes. Prior to imaging, about 5 nL of the SiQDNP suspension in water (1 mg/mL) was microinjected to the embryonic cells of a living AB strain wild-type zebrafish embryo, as indicated by the red arrow in Figure 3A . Noteworthily, no obvious adverse effect to the embryo was observed after the microinjection. Under the non-time-gated mode ( Figure 3B and 3C), the microinjected SiQDNPs are essentially not visible due to the dominant autofluorescence emitted from the nearby yolk sac, and the signal-to-background ratio, here estimated as the average fluorescence intensity within the red marked area versus the green marked area in Figure 3B , is as low as 0.58. As a comparison, under the time-gated mode ( Figure 3D and 3E) , the distribution of the microinjected SiQDNPs among the embryonic cells can be clearly observed because the background autofluorescence was effectively removed by time-gating. As a result, the signal-to-background ratio drastically increases to 26.07, yielding about 45-fold improvement. Equipped with such an outstanding background removal character, the optomechanical time-gated fluorescence imaging system developed in this work can be a promising platform for biological research on zebrafish such as lineage tracing and fluorescence imaging 23, 24 and for clinical applications such as sentinel lymph node mapping. 11 Although in vivo time-gated fluorescence imaging on mice with more than 100-fold signal-to-background ratio improvement using similar luminescent porous silicon nanoparticles has been demonstrated, 25 the time-gating of the reported imaging system was realized by employing much more expensive ICCD and pulsed excitation sources.
In addition to the background removal, we also demonstrated time-domain multiplexing, i.e. separating long-lived fluorescence signals from short-lived ones, by using the optomechanical time-gated fluorescence imaging system. Different from the AB strain wild-type zebrafish embryo shown in the previous example, here we used GFP transgenic zebrafish larvae as the demonstration model in which the intrinsic green fluorescence makes the internal structures such as vascular system easily observable from outside. Through microinjection (5 nL of 1 mg/mL) at the head, yolk sac, and tail parts of the larvae, as indicated by the red arrows in Figure 3F , 3K, and 3P, respectively, we put the SiQDNPs in adjacent to the GFP which has PL lifetime in nanoseconds. The microinjection did not result in any significant adverse effect to the living larvae. By comparing the non-time-gated fluorescence images ( Figure 3G , 3L, and 3Q) alongside with the time-gated ones ( Figure 3I, 3N , and 3S), the long-lived signals coming from the SiQDNPs can be clearly distinguished from the short-lived ones of GFP. Interestingly, except the tail demonstration ( Figure 3S ), the majority of the SiQDNP signals were found displaced from the original microinjection sites at the head and yolk sac ( Figure 3I  and 3N ), which can be attributed to the diffusion and transportation of the SiQDNPs through the lymphatic systems. As the controlled experiment, larvae without microinjection of the SiQDNPs did not show any fluorescence signals in the timegated mode ( Figure S10 ). While autofluorescence might also be included in the non-time-gated images here, its intensity was found weaker than the GFP fluorescence experimentally and is mainly located at the yolk sac part ( Figure S10 ). Nevertheless, either GFP or autofluorescence can be effectively removed under the time-gated mode, and such complete separation of signals can only be achieved in the time-domain by time-gating because, in the wavelength-domain, their PL spectra are at least partly overlapped with each other ( Figure S9 ). Besides the zebrafish models, cellular imaging using the system was also demonstrated on SKOV3 and CHO cells, in which short-lived fluorescence signals from the Hoechst dye stained at the cell nuclei were entirely removed, again manifesting the time-gating ability of the system ( Figure S11 ).
In summary, we demonstrate a novel optomechanical timegated fluorescence imaging system which can achieve ultrahigh contrast at low cost. Based on a conventional epifluorescence microscope, the time-gating functionality is mainly accomplished by one optical chopper with no need of expensive ICCD, pulsed light source, or complex synchronization control. In the system, both the excitation light beam from a 405 nm CW laser and the emission light beam from the fluorescence microscope are focused on one rotating optical chopper, and the two foci are positioned with a phase difference such that in a 20 μs delay after the excitation laser is blocked, the emission light beam passes through the optical chopper, initiating image acquisition by a CMOS imager. Here, we used biocompatible and highly watersoluble SiQDNPs, which have long fluorescence lifetime in about 16 μs, as the long-lived probes and zebrafish as demonstration models. Under the time-gated mode, nearly all background autofluorescence emitted from the yolk sac of a zebrafish embryo microinjected with the SiQDNPs was removed, leading to a 45-fold increase in signal-to-background ratio. Furthermore, by comparing the non-time-gated fluorescence images alongside with the time-gated ones, the intrinsic GFP fluorescence signals of transgenic zebrafish larvae can be clearly separated from the exogenous fluorescence signals emitted from the microinjected SiQDNPs. Owing to its costeffectiveness and compatibility with standard fluorescence imaging methods, the optomechanical time-gated fluorescence imaging system developed in this work can be potentially applied to a wide range of biological research and diagnostics applications. 
